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(57) ABSTRACT

An exhaust gas analyzer and an exhaust gas analyzing method
capable of analyzing the concentration of particulate matter
contained 1n exhaust gas from an internal combustion in real
time are provided. The exhaust gas analyzer includes: an
exhaust gas passage hole 21 through which the exhaust gas
from the internal combustion 1s introduced; an optical fiber 25
that applies the laser light in a direction perpendicular to a
flow of the exhaust gas flowing through the exhaust gas pas-
sage hole; a detector 26 that recerves the laser light that has
passed through the exhaust gas; a photodetector 71 that
receives Mie scattered light generated from particulate matter
PM contained 1n the exhaust gas by irradiating the particulate
matter with the laser light; and a personal computer 45 as a
calculation unit that calculates a concentration of a compo-
nent 1n the exhaust gas based on photoreceiving data of a
transmitted light intensity obtained from the detector 26, and
calculates a concentration of the particulate matter contained
in the exhaust gas based on actual measurement data of a
scattered light intensity obtained by the photodetector 71.
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FI1G. 7

[

1. Apply laser for
concentration measurement [N SO']

S02

2. Obtain measurement value /

of scattered light from PM in 560 10100 1 560 2000
exhaust gas for each wavelength

l 503
' [

3. Conduct comparison matching
between Mie scattered light
intensity (theoretical value)

and measurement value

Scattered light
Intensity

o

Scattered light
iIntensity

S04 -
[ 500 1000 1500 2000

4, Select theoretical value
for each particle diameter
indicating distribution closest
to measurement value

[2)

| SO05
. |
5. Obtain maximum value “B”

of scattered light intensity
in selected theoretical value ( d )

[

6. Obtain concentration “c(B)”
on theoretical value from relationship
between scattered light intensity

intensity

Scattered light

ey —

e 1
700 1100 1500 1800

\

]
]

PM
concentration
c(B)

\

Scattered light

maximum value “B’ on theoretical intensity B
value and PM concentration [E } Matching correction amount A
. 4 (_—

7. calculate PM concentration “C” determined
from measurement value based on
matching correction amount “A” between
e T

concentration “c(B)” on theoretical value Ry
and actual scattered light measurement value 500 1000 1500 2000

e Theoretical value
Concentration C=c¢(B) X f(A) scattered light B

\

Scattered light
intensity




Patent Application Publication  Sep. 17, 2009 Sheet 7 of 7 US 2009/0229250 Al

FIG. 8




US 2009/0229250 Al

EXHAUST GAS ANALYZER AND EXHAUST
GAS ANALYZING METHOD

TECHNICAL FIELD

[0001] The present invention relates to an exhaust gas ana-
lyzer and an exhaust gas analyzing method that calculates the
concentration of a component contained 1n exhaust gas emit-
ted from an internal combustion of an automobile or the like,
and calculates the concentration of particulate matter con-
tained 1n the exhaust gas.

BACKGROUND ART

[0002] Conventionally, methods and apparatuses for mea-
suring various components contained 1n exhaust gas emitted
from an internal combustion of an automobile or the like have
been already proposed. For instance, Patent Document 1 dis-
closes a vehicle capable of mounting a NDIR (non-dispersive
inirared spectroscopy) gas analyzer, an exhaust gas tlowme-
ter and an arithmetic processing circuit, the NDIR gas ana-
lyzer for continuously measuring the HC (hydrocarbon) con-
centration 1n exhaust gas flowing through an exhaust tube
connected with an engine, the exhaust gas flowmeter continu-
ously measuring a flow rate of the exhaust gas flowing
through the exhaust tube, and the arithmetic processing cir-
cuit performing arithmetic processing of an output from the
NDIR gas analyzer and an output from the exhaust gas flow-
meter to continuously calculate the THC (total hydrocarbon)
amount in the exhaust gas, thus enabling the measurement of
the HC concentration contained 1n the exhaust gas from the
internal combustion of a vehicle such as an automobile trav-
cling on a road. Patent Document 1, however, does not refer to
the measurement of particulate matter contained 1n the
exhaust gas.

[0003] Patent Document 2 describes a laser measurement
apparatus capable of measuring the concentration of sus-
pended particulate matter contained 1n exhaust gas from an
automobile or the like as well as the concentration of carbon
dioxide, nitrogen oxides or the like contained 1n the exhaust
gas. In this case, the exhaust gas 1s introduced mnto a sampling
tube, at one side of which a laser light source 1s placed and at
the other side of which a photoreceiver 1s placed, so that the
applied laser light 1s scattered by the particulate matter sus-
pended 1n the exhaust gas, and the thus attenuated laser light
1s recerved by the photoreceiver side, thus measuring the
concentration of the particulate matter from the attenuation.
[0004] Patent Document 1: JP Published Patent Applica-
tion No. 2004-117259 A

[0005] Patent Document 2: JP Published Patent Applica-
tion No. 2002-48711 A

DISCLOSURE OF THE INVENTION

Problem to be Solved by the Invention

[0006] From the environmental viewpoint, it becomes a
significant challenge to determine quantitatively particulate
matter contained 1n exhaust gas emitted from an internal
combustion of an automobile or the like with accuracy,
including carbon minute particles, sulfur minute particles
such as sulfate, high molecular weight hydrocarbon minute
particles (SOF) and the like. The method described in Patent
Document 2 that uses information resulting from the scat-
tered light of the laser light to calculate (measure) the con-
centration of the particulate matter 1n the gas 1s expected as an
elfective countermeasure therefor.

[0007] However, the following problem will arise when the
laser measurement apparatus using inirared laser light
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described in Patent Document 2 1s applied to an exhaust gas
tube. That 1s, when particles to be measured have different
particle diameters, a signal intensity and a particle concentra-
tion will not have a proportional relationship, thus degrading
the measurement accuracy. In order to improve the measure-
ment accuracy, light of a plurality of wavelengths has to be
used, which makes the apparatus complicated. Moreover,
when a component concentration, a temperature and particu-
late matter are to be measured at one time, a plurality of
apparatuses have to be combined, causing an increase 1n size
and cost of the apparatus.

[0008] Inview of the above-stated problems, it 1s an object
of the mvention to provide an exhaust gas analyzer and an
exhaust gas analyzing method capable of calculating the con-
centration of particulate matter contained in exhaust gas emit-
ted from an internal combustion of an automobile or the like
using laser light for analyzing the concentration of a compo-
nent contained 1n the exhaust gas, thus enabling simultaneous
calculation of the component analysis 1n the exhaust gas and
the measurement of the particulate matter contained 1n the
exhaust gas with accuracy.

Means for Solving the Problem

[0009] Inorderto fulfill the above-stated object, an exhaust
gas analyzer of the present invention analyzes exhaust gas
emitted from an internal combustion by irradiating the
exhaust gas with laser light, and the exhaust gas analyzer
includes: an inlet through which the exhaust gas 1s intro-
duced; a light irradiation unit that applies the laser light 1n a
direction perpendicular to a flow of the exhaust gas flowing
through the inlet; a transmitted light photorecerving unit that
receives the laser light that has passed through the exhaust
gas; a scattered light photoreceiving unit that recerves Mie
scattered light generated from particulate matter contained 1n
the exhaust gas by irradiating the particulate matter with the
laser light; and a calculation unit that calculates a concentra-
tion of a component 1n the exhaust gas based on photoreceiv-
ing data of a transmitted light intensity obtained from the
transmitted light photorecerving unit, and calculates a con-
centration of the particulate matter contained 1n the exhaust
gas based on actual measurement data of a scattered light
intensity obtained by the scattered light photorecerving unait.
[0010] A method for analyzing exhaust gas of the present
invention 1s for analyzing the exhaust gas emitted from an
internal combustion by 1rradiating the exhaust gas with laser
light. The method includes the steps of: irradiating the
exhaust gas with the laser light, recetving the laser light that
has passed through the exhaust gas, and calculating a concen-
tration of a component contained in the exhaust gas based on
the recerved laser light; and receiving Mie scattered light
generated from particulate matter contained 1n the exhaust
gas by irradiating the particulate matter with the laser light,
and calculating a concentration of the particulate matter in the
exhaust gas based on actual measurement data of an intensity
of the recerved Mie scattered light and a theoretical value data
about Mie scattered light specified for each particle diameter.

[0011] According to the exhaust gas analyzer and the
exhaust gas analyzing method of the present invention, basi-
cally, exhaust gas 1s irradiated with laser light, the laser light
that has passed through the exhaust gas is received, and the
concentration of a component contained in the exhaust gas 1s
calculated based on the received laser light, while calculating
the concentration of particulate matter by recerving Mie scat-
tered light generated from the particulate matter by the 1rra-
diation with the laser light. Then, the concentration of the
particulate matter 1s measured based on the facts that when
particulate matter of a certain particle diameter 1s irradiated
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with laser light, the intensity of Mie scattered light generated
therefrom has wavelength dependency of the laser light
applied, and letting that the wavelength 1s on the horizontal
axis and the Mie scattered light intensity 1s on the vertical
axis, a theoretical value pattern will be drawn that 1s specific
to the particle diameter, and that the specific theoretical value
pattern varies depending on the particle diameter.

[0012] The exhaust gas emitted from an internal combus-
tion from an automobile or the like will vary 1n the component
concentration or in the particulate matter concentration
depending on the operational environment of the internal
combustion. Further, the particulate matter of different par-
ticle diameters mixed therein 1s emitted. In the present inven-
tion, a light source capable of applying laser light of a plural-
ity of wavelengths 1s placed at the inlet, through which the
exhaust gas from the internal combustion 1s mtroduced, and
laser light of the plurality of wavelengths 1s applied to the
exhaust gas flowing therethrough. The applied laser light 1s
incident on particulate matter contained 1n the exhaust gas to
be scattered, and Mie scattered light 1s generated with a
necessary intensity for each wavelength. The thus generated
Mie scattered light 1s recetved by the scattered light photore-
ceiving unit and the received data 1s sent to the calculation

unit as actual measurement data of the Mie scattered light
intensity for each wavelength.

[0013] As described above, the particulate matter of differ-
ent particle diameters mix 1n the exhaust gas, and such par-
ticulate matter will generate Mie scattered light of different
intensities. However, 1t can be considered that the actual
measurement data of the Mie scattered light intensity for each
wavelength recerved by the scattered light photoreceiving,
unit will substantially agree with the Mie scattered light
intensity data from the particulate matter of the dominant
particle diameter.

[0014] The actual measurement data of the Mie scattered
light intensity for each wavelength that 1s actually measured
1s compared with the theoretical value data about the Mie
scattered light intensities stored in the data storage unit and
specified for each particle diameter, so as to select the closest
theoretical value pattern data as a pattern (pattern matching).
Based on the selected theoretical value pattern data, the domi-
nant particle diameter in the particulate matter contained in
the exhaust gas measured can be estimated.

[0015] From the selected theoretical value pattern data, the
maximum value of the Mie scattered light intensity 1s
obtained, and then the calculation unit calculates a concen-
tration as a theoretical value from the relationship between
the Mie scattered light intensity and the concentration based
on the Mie scattering theory. The calculation unit further
corrects the concentration of the particulate matter that 1s the
calculated theoretical value data with the measurement value
of the Mie scattered light intensity that 1s actually measured
by a conveniently known method. Thereby, an actual particu-
late matter concentration in the measured exhaust gas can be
obtained (for example, mg/m3 or %). The correction method
includes determining based on the actual measurement result
or using a coellicient determined from a theoretical formula
about the Mie scattered light. In either case, laser light of
predetermined wavelengths 1s actually applied to particulate
matter of a known particle diameter tflowing through for the
verification beforehand, whereby the concentration can be
calculated with higher accuracy.

[0016] As described above, according to the exhaust gas
analyzer and the exhaust gas analyzing method of the present
invention, the concentration of the particulate matter con-
tained 1n the exhaust gas 1s calculated using the particle diam-
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cter of the particulate matter as one calculation basis, thus
enabling the calculation with accuracy.

[0017] Inthe exhaust gas analyzer of the present invention,
preferably, the calculation umit includes a data storage umit
that stores theoretical value data about a Mie scattered light
intensity specified for each particle diameter. The calculation
unit calculates the concentration of the particulate matter
contained 1n the exhaust gas based on the actual measurement
data of a scattered light intensity obtained by the scattered
light photorecerving unit and the theoretical value data stored
in the data storage unat.

[0018] According to the thus configured exhaust gas ana-
lyzer, the actual measurement data and the theoretical value
data are compared, and the theoretical value pattern data that
1s the closest as a pattern 1s selected. Then, the particle diam-
cter of the particulate matter contained in the exhaust gas 1s
estimated based on the selected theoretical value data, and the
concentration of the particulate matter 1s calculated based on
the estimated particle diameter, and therefore the concentra-
tion of the particulate matter can be calculated with higher
accuracy.

[0019] The exhaust gas analyzer of the present invention
preferably includes a plurality of the scattered light photore-
ceiving units, and the calculation unit turther includes means
that calculates an average of actual measurement data of Mie
scattered light intensities obtained by the plurality of scat-
tered light photorecerving units. In this case, the actual mea-
surement value of the Mie scattered light intensity data for
cach wavelength can be obtained as the average of the plural-
ity ol actual measurement values, and therefore theoretical
value pattern data can be selected (pattern matching) with
higher accuracy.

EFFECTS OF THE INVENTION

[0020] According to the present invention, 1t 1s possible to
calculate the concentration of particulate matter 1n exhaust
gas emitted from an internal combustion of an automobile or
the like with accuracy as well as a concentration, a tempera-
ture, a pressure and the like of a component contained 1n the
exhaust gas.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 illustrates the configuration of major parts 1n
one embodiment where an exhaust gas analyzer according to
the present invention 1s mounted 1n a vehicle.

[0022] FIG. 2 illustrates the configuration of major parts 1n
another embodiment where the exhaust gas analyzer accord-
ing to the present invention 1s mounted 1n an engine bench.
[0023] FIG. 3 illustrates the configuration of major parts of
an exhaust gas analyzer, including a perspective view of a
disassembled state of major parts of one sensor unit.

[0024] FIG. 4 1s a front view of the sensor unit of FIG. 3.

[0025] FIG. § 1s a block diagram 1llustrating the overall
configuration of the exhaust gas analyzer, including the con-
figuration of major parts of a laser oscillation/photoreceiving
controller and a signal analyzer

[0026] FIG. 6 explains that when laser light of different
wavelengths 1s applied to particulate matter of a certain par-
ticle diameter, the Mie scattered light intensity generated
therefrom draws a certain pattern with respect to the wave-
lengths.

[0027] FIG. 7 1s a flowchart showing the procedure of an
exhaust gas analyzing method according to the present inven-
tion.

[0028] FIG. 81llustrates another configuration of the sensor
unit.
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[0029] Inthese drawings, the respective reference numbers
denote the followings:

[0030] 1 automobile

[0031] 1A engine bench

[0032] 2 engine (internal combustion)

[0033] 3 exhaust manifold (exhaust path)

[0034] 4 exhaust tube (exhaust path)

[0035] 5 first catalyst device (exhaust path)
[0036] 6 second catalyst device (exhaust path)
[0037] 7 muftller (exhaust path)

[0038] 8 exhaust pipe (exhaust path)

[0039] 10 exhaust gas analyzer (gas analyzer)
[0040] 11 to 14 sensor unit

[0041] 20 sensor base

[0042] 21 exhaust gas passage hole (inlet)
[0043] 23 sensor hole (irradiated light passage hole)
[0044] 24 sensor hole (transmitted light passage hole)
[0045] 25 optical fiber (arradiation unit)

[0046] 26 detector (photoreceiving unit)

[0047] 28, 29 mirror

[0048] 38 light passage hole

[0049] 30 laser oscillation/photorecerving controller
[0050] 33 demultiplexer

[0051] 34A to 34C demultiplexer

[0052] 35A to 35C multiplexer

[0053] 36A to 36C multiplexer

[0054] 40A to 40C differential photodetector
[0055] 45 personal computer (signal analyzer)
[0056] 46 storage unit

[0057] 47 calculation umit

[0058] 70, 70a third sensor hole

[0059] 71, 71a Mie scattered light photodetector
[0060] R(Ra) laser light

[0061] S Mie scattered light

[0062] PM particulate matter

BEST MODE FOR CARRYING OUT TH.

(L]

INVENTION

[0063] The following 1s a detailed description of one
embodiment 1n which an exhaust gas analyzer according to
the present invention 1s used as an analyzer for exhaust gas
from an mternal combustion (engine) of an automobile, with
reference to the drawings. FIG. 1 1llustrates the configuration
of major parts of the exhaust gas analyzer according to the
present embodiment mounted 1n an automobile; FIG. 2 1llus-
trates the configuration of major parts of the exhaust gas
analyzer of FIG. 1 mounted 1n an engine bench; FIG. 3 1s a
perspective view illustrating a disassembled state of a sensor
unit and the vicimty thereotf; and FIG. 4 illustrates the details
of the sensor unit. FIG. 5 15 a block diagram 1llustrating the
overall configuration of the exhaust gas analyzer including
the configuration of major parts of a laser oscillation/photo-
receiving controller and a signal analyzer.

[0064] In FIGS. 1 to 3, the exhaust gas analyzer of the
present embodiment 1s an apparatus that analyzes exhaust gas
emitted from an internal combustion (engine) 2 istalled 1n an
automobile 1. As shown 1n FIG. 2, it may be an apparatus that
analyzes exhaust gas emitted from an internal combustion
(engine) 2 installed 1n an engine bench 1A. The exhaust gas
emitted from each cylinder of the engine 2 jo1ins together in an
exhaust manifold 3, 1s directed 1nto a first catalyst device 5
through an exhaust tube 4, 1s further directed 1nto a second
catalyst device 6, and 1s then discharged through an exhaust
pipe 8 via amuliller 7 to the atmosphere. The exhaust manifold
3, the exhaust tube 4, the first catalyst device 5, the second
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catalyst device 6, the muitler 7 and the exhaust pipe 8 make up
an exhaust path, so that the exhaust gas emitted from the
engine 2 undergoes the purification by the two catalyst
devices 5 and 6 and the sound reduction and the pressure
reduction by the muiftler 7 to be discharged to the atmosphere.
The muitler may include two parts of a main muiller and a
sub-mufitler.

[0065] The plurality of components making up the exhaust
path are connected with each other by letting the respective
flange portions opposed to and 1n contact with each other and
fastening them with a bolt or the like. For instance, the first
and the second catalyst devices 5 and 6 each have exhaust
pipe portions connected to the upstream and downstream
sides of their main bodies having larger diameters, and flange
portions F, F are fixedly attached to the ends of the exhaust
pipe portions by welding, for example. The muiller 7 has
exhaust pipe portions connected to the upstream and down-
stream sides of 1ts main body having a larger diameter, and
flange portions F, F are fixedly attached to the ends of the
exhaust pipe portions. The exhaust pipe 8 at the end 1s fixedly
attached directly to the muftiler 7 by welding, for example.
Thus, the plurality of components making up the exhaust path
are connected via the flange portions F, and the exhaust path,
through which exhaust gas passes, 1s formed to be circular in
cross section with a diameter of d.

[0066] The exhaust gas analyzer 10 of the present embodi-
ment includes a plurality of sensor units (four umits in the
illustrated example) 11 to 14 disposed at a plurality of loca-
tions along the exhaust path. A first sensor unit 11 1s disposed
between the first catalyst device 5 and the upstream exhaust
tube 4 on the engine side. A second sensor unit 12 1s disposed
downstream of the first catalyst device 5. A third sensor unit
13 1s disposed downstream of the second catalyst device 6. A
fourth sensor unit 14 is istalled 1n the exhaust pipe 8 down-
stream of the muftlfler 7. The sensor unit 14 may be disposed
partway through the exhaust pipe or may be inserted in the
exhaust pipe at the open end thereof. Another sensor unit may
be 1nstalled at an exhaust tube for each cylinder upstream of
the first sensor unit 11 before the exhaust gas joins together at
the exhaust manifold 3.

[0067] The exhaust tube 4, the first catalyst device 5, the
second catalyst device 6, and the mulller 7 are coupled by
fastening the flange portions F, F with bolts. The sensor units
11, 12, and 13 disposed between the components making up
the exhaust path are disposed while each being sandwiched
by the flange portions F, F. The flange portions F, F are formed
at both ends of each component making up the exhaust path,
and the joint plane of the flange portions intersects perpen-
dicularly the center line of the exhaust path. As a result, the
sensor units 11 to 13 are disposed to traverse the exhaust path
while being sandwiched by the flange portions F, F. The
fourth sensor unit 14, which analyzes the exhaust gas imme-
diately before 1t 1s emitted to the atmosphere, may be dis-
posed at an intermediate point of the exhaust pipe 8 protrud-
ing from the muiftler 7 while being sandwiched between the
flange portions F, F. Any number of such sensor units may be
disposed.

[0068] Since the respective sensor units 11 to 14 have 1den-
tical configurations; the following describes one of them, the
sensor unit 11, with reference to FIGS. 3 and 4. The sensor
unit 11 includes a sensor base 20 formed of a rectangular thin
plate, at a center portion of which an exhaust gas passage hole
21 1s formed having a diameter dl which 1s approximately the
same as the inner diameter d of the circular cross section of
the exhaust pipe portion, through which the exhaust gas
passes. The exhaust gas passage hole 21 makes up an inlet of
the exhaust gas. The plate-shaped sensor base 20 has such a
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thickness as to enable the fixing of a laser light 1rradiation unit
and a photoreceiving unit (including both of a transmitted
light photoreceiving unit and a scattered light photoreceiving
unit described later), which 1s, however, desirably as small as
possible.

[0069] More specifically, the thickness of the sensor base
20 1s preferably about 5 to 20 mm, for example. A thickness
more than 20 mm tends to cause disturbance in the exhaust
gas tlow, or tends to generate considerable pressure loss. A
thickness less than 5 mm will make the installation of the
irradiation unit or the photorecerving unit of the laser unit for
measurement complicated. The diameter dl of the exhaust gas
passage hole 21 1s desirably the same as the inner diameter d
of the circular cross section of the exhaust pipe portion. In this
respect, however, when the mner diameter d of the circular
cross section of the exhaust pipe portion 1s 30 mm, the diam-
cter dl of the exhaust gas passage hole 21 of around 30x1 to 2
mm, for example, will be within a permissible error range.
The sensor base 20 may be formed of a metal or ceramics
plate; which 1s not particularly limited.

[0070] The sensor base 20 1s fixed while being sandwiched
between flange portions F, F, with a gasket 22 disposed
between each tlange portion F and the sensor base 20, which
are then fastened with bolts and nuts not illustrated, for
example. The gaskets 22 are formed of appropriate material,
and have an exhaust gas passage hole bored therein with the
same diameter as the inner diameter of the exhaust pipe
portion. This structure prevents the leakage of exhaust gas
even when the sensor base 20 1s inserted between the flange
portions F, F for the connection of the exhaust path, without
much increase in the exhaust path length. FIG. 3 1llustrates a
configuration in which the sensor base 20 1s fixed between the
flange portion F welded to the downstream end of the exhaust
tube 4 and the flange portion F welded to the end of the

exhaust pipe portion 5a upstream of the catalyst device 5, via
gaskets 22, 22.

[0071] The sensor base 20 has first and second sensor holes
23 and 24 formed so as to penetrate through a center of the
thickness of the plate from an edge surface toward the exhaust
gas passage hole 21. The sensor base 20 also has a third sensor
hole 70, which penetrates from another edge surface different
from the edge face with the first and the second sensor holes
23 and 24 formed similarly to the exhaust gas passage hole 21.
The cross section of the third sensor hole 70 1s set larger than
the cross sections of the first and the second sensor holes 23

and 24.

[0072] As described later, the first sensor hole 23 15 a pas-
sage hole for laser light R that 1s applied to the exhaust gas
passage hole 21, at which an optical fiber 235 1s fixed as an
irradiation unit from which the laser light R 1s apphed. A
second sensor hole 24 1s a passage hole for attenuated laser
light Ra that has passed through the exhaust gas, and at the
exit side of the laser light 1n the second sensor hole 24 a
detector 26 1s provided as the transmitted light photoreceiving
unit. The third sensor hole 70 serves as a passage hole for Mie
scattering light S that 1s generated when particulate matter
PM contained in the exhaust gas 1s irradiated with the laser
light, and on the side of the third sensor hole 70 opposite to the
exhaust gas passage hole 21, an appropriate photodetector 71
1s provided as a Mie scattered light photoreceiving unit. Pret-
erably, the first and the second sensor holes 23 and 24 and the
third sensor hole 70 are bored 1n the direction perpendicular to
the flowing direction of the exhaust gas.

[0073] Incidentally, in the case where the exhaust gas ana-
lyzer of the present invention 1s used only for the concentra-
tion analysis of the particulate matter PM 1n the measured
exhaust gas, the above-described detector 26 as the transmiut-
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ted light photoreceiving unit may not be operated, and instead
laser light 1s applied from the optical fiber 25 and Mie scat-
tered light generated from the particulate matter PM may be
received by the photodetector 71 via the third sensor hole 70.

[0074] In the illustrated example, as shown 1n FIG. 4, two
mirrors 28 and 29 are disposed outside the exhaust gas pas-
sage hole 21 and at opposing positions with the exhaust gas
passage hole 21 sandwiched therebetween so that the reflect-
ing faces of the mirrors are parallel to each other. The laser
light entermg through the first sensor hole 23 1s retlected by
the two mirrors 28 and 29, and 1s attenuated while passing
through the exhaust gas. As mentioned earlier, the attenuated
laser light Ra passes through the second sensor hole 24 to be
received by the detector 26. During the passage through the
exhaust gas passage hole 21 while being retlected, if the
exhaust gas contains particulate matter PM, Mie scattered
light S 1s generated with an amount depending on the particle
diameter and the concentration thereof. The generated Mie
scattered light S passes through the third sensor hole 70 to be
detected by the photodetector 71 as described above.

[0075] Mirrors 28 and 29 are manufactured by coating a
reflecting member on a surface of a base member made of
quartz, sapphire, ceramic or the like. As the coating member,
a material with a high retlectivity such as gold, platinum, or
titanium oxide matching with a laser wavelength 1s preferably
selected. In order to protect the retlecting member, a material
such as MgF, or S10, that 1s clear and has excellent heat
resistance and environmental resistance 1s preferably formed
as a coating layer at the uppermost face thereof. The use of a
mirror with excellent heat resistance and a high reflectively
cnables the accurate measurement. On the surface of each
mirror 28, 29, a photocatalytic layer such as a titanium diox-
ide (110,) layer may be formed.

[0076] A method for calculating the concentration of the
particulate matter PM contained in the exhaust gas according
to the present invention 1s principally based on the fact that,
when particulate matter of a certain particle diameter 1s 1rra-
diated with laser light, the intensity of Mie scattered light
generated therefrom has wavelength dependency of the laser
light applied, and letting that the wavelength 1s on the hori-
zontal axis and the Mie scattered light intensity 1s on the
vertical axis, a theoretical value pattern will be drawn that 1s
specific to the particle diameter. To this end, laser light of a
plurality of wavelengths has to be applied from the optical
fiber 25 to the exhaust gas passage hole 21, through which the
exhaust gas tlows. Further, the Mie scattered light detection
side has to detect the wavelength-dependent Mie scattered
light intensity for each wavelength.

[0077] FIG. § illustrates an exemplary laser oscillation/
photoreceiving controller 30 for that purpose. In the 1llus-
trated example of FIG. 5, infrared laser light of a plurality of
wavelengths emitted from the laser oscillation/photorecelv-
ing controller 30 1s applied to the exhaust gas passage hole 21
in the sensor base 20 via an optical fiber 25A (25B, 25C), and
the infrared laser light that has passed through the exhaust gas
1s recerved by a detector 26A (268, 26(C) on the transmitted
light photoreceiving side. A differential photodetector 40A
(408, 40C) compares the measured light with signal light,
and a differential signal 1s supplied to a personal computer 45
as an analyzer, where the components of the exhaust gas are
analyzed. Meanwhile, the Mie scattered light S generated 1n
the exhaust gas passage hole 21 by the irradiation with the
laser light 1s detected by a photodetector 71 A (71B, 71C), and
the information thereon 1s transmitted to the personal com-
puter 45 via a signal line 72, where the concentration of the
particulate matter PM 1s calculated as described later.
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[0078] More specifically, as shown in FIG. 5, the laser
oscillation/photorecerving controller 30 includes a plurality
of laser diodes LD1 to LDS3, to each of which a frequency
signal 1s supplied from a signal generator such as a function
generator (not 1llustrated). Then, each laser diode LD1 to LD
5 emits infrared laser light with a wavelength band corre-
sponding to the frequency. It 1s et

ective for the infrared laser
light passing through the exhaust gas to have a peak wave-
length corresponding to an absorbing spectrum specific to
cach component in the exhaust gas detected. For instance,
when carbon monoxide (CO), carbon dioxide (CO., ), ammo-
nia (NH;), methane (CH,), and water (H,O) are to be
detected, infrared laser light of five wavelengths 1s used. For
example, the wavelength suitable for the detection of ammo-
nia 1s 1530 nm, the wavelength suitable for the detection of
carbon monoxide 1s 1460 nm, and the wavelength suitable for
the detection of carbon dioxide 1s 1470 nm. The wavelength
suitable for the detection of methane 1s 1680 nm, and the
wavelength suitable for the detection of water 1s 1350 nm.

Different wavelengths may be applied to the detection of gas
concentration of the same component, and therefore one may

be selected among the different wavelengths for use.

[0079] The infrared laser light applied from each of the
laser diodes LD1 to LDS3 1s guided by an optical fiber 32 to a
first demultiplexer 33, where the light 1s demultiplexed 1n
accordance with the number of the sensor units. The laser
light thus demultiplexed by the first demultiplexer 33 1s sepa-
rated ito signal light and measurement light by second
demultiplexers 34A (34B, 34C). The second demultiplexers
34 A are for the sensor unit 11; the second demultiplexers 348
are for the sensor unit 12; and the second demultiplexers 34C
are for the sensor unit 13.

[0080] The signal light of each wavelength band separated
by the five second demultiplexers 34A (34B, 34C) for the
sensor unit 11 (12, 13) passes through optical fibers and 1s
multiplexed by a multiplexer 35A (35A, 35C). The multi-
plexed signal light of a plurality of wavelength bands 1s then
guided via an optical fiber 37A (37B, 37C) to the above-
mentioned differential photodetector 40A (408, 40C). Mean-
while, the measurement light separated by the five second
demultiplexers 34 A passes through optical fibers and 1s mul-

tiplexed by a multiplexer 36A (36B, 36C), and the multi-
plexed light 1s then guided to the 1rradiation unit of the sensor

unit 11 (12, 13) via the optical fiber 25A (23B, 0.25¢).

[0081] The laser light for measurement from the 1rradiation
light passes through the exhaust gas passage hole 21 while
being reflected by the mirrors 28 and 29 as shown in FIG. 4,
and the attenuated transmitted laser light Ra that has passed
through the exhaust gas 1s detected by the detector 26 A (268,
26C) as photorecerving data. The detected signal 1s transmit-
ted via a signal line 27A (27B, 27C) to the above-mentioned
differential photodetector 40A (408, 40C). The differential
photodetector 40A (40B, 40C) 1s configured to find a differ-
ence between the attenuated transmuitted light that has passed
through the exhaust gas (measurement light) and signal light
that does not pass through the exhaust gas, and an electrical
signal corresponding to the difference between the signal
light and the measurement light calculated by the differential
photodetector 40 1s amplified by a preamplifier (not shown),
for example, and the amplified signal 1s mput via an A/D
converter to the personal computer 45 as a signal analyzer.
The personal computer 45 calculates the concentration of
components contained 1n the exhaust gas, and the temperature
and the pressure of the exhaust gas, for example, from the
input signal, so as to analyze the components in the exhaust
gas.
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[0082] Inthe exhaust gas analyzer 10 of the present inven-
tion, inifrared laser light, for example, 1s allowed to pass
through the exhaust gas, and the concentration of an exhaust
gas component 1s calculated based on the intensity of the
incident light and the intensity of the transmitted light that has
passed through the exhaust gas, so as to analyze the exhaust
gas. That 1s, concentration C of an exhaust gas component 1s
calculated from the following equation (1):

C=—In(I/I,)/kL (1)

[0083] In the equation (1), I 1s the transmitted light inten-
sity, I, 1s the incident light intensity, k 1s absorptance, and L 1s
the transmission distance. Thus, concentration C of an
exhaust gas component 1s calculated based on the ratio of
transmitted light intensity (I) to incident light intensity (I,,) as
signal light, 1.e., based on the signal intensity (I/I,). The
transmitted light intensity I 1s output via the detector 26 A
(268, 26(C), and the incident light intensity I, 1s output via the
optical fiber 37A (37B, 37C) from a photoelectric converter,
such as a photodiode 1n the differential photodetector 40A
(408, 40C) via the optical fiber 37A (378, 37C). In the
present embodiment, the intensity of the signal light that does
not pass through the exhaust gas 1s used as the incident light
intensity I,.
[0084] The operation of the thus configured exhaust gas
analyzer 10 of the present embodiment 1s described in the
following. While the engine 1s operated, the exhaust gas ana-
lyzer 10 1s activated. The exhaust gas emitted from the engine
2 j01ns together 1n the exhaust manifold 3 of the exhaust path,
1s directed 1nto the first catalyst device 5 through the exhaust
tube 4, 1s further directed into the second catalyst device 6,
and 1s then discharged through the exhaust pipe 8 via the
muliller 7 to the atmosphere. The exhaust gas passes through
the exhaust gas passage hole 21 formed in the sensor base 20
of each of the sensor units 11 to 14 disposed along the exhaust
path. When the concentration or the like of a specific compo-
nent 1n the exhaust 1s to be measured, laser light 1s applied to
the exhaust gas passage hole 21, and the intensity of the laser
light that has passed through the exhaust gas 1s measured.
[0085] That 1s, the signal generator of the laser oscillation/
photoreceiving controller 30 1s activated so as to supply a
signal to each of the laser diodes LD1 to LD3, thus making
cach of the laser diodes LD1 to LD35 emit infrared laser light
of a predetermined wavelength. The infrared laser light emat-
ted from each of the laser diodes LD1 to LDS3 passes through
the optical fiber 32 . . . to the demultiplexer 33 . . ., where the
light 1s demultiplexed 1n accordance with the number of the
sensor units. Thereafter, the laser light thus demultiplexed 1s
separated 1nto signal light and measurement light by demul-
tiplexers 34A . ..,34B . ..,34C . ...
[0086] One sensor unit 11 1s described below 1n detail. The
signal light demultiplexed by the five demultiplexers 34A 1s
multlplexed by the multiplexer 35A to be laser light for sig-
nal, which 1s then guided to the differential photodetector
40A Meanwhile, the measurement light separated by the five
demultiplexers 34 A 1s multiplexed by a multiplexer 36 A to be
laser light for measurement, which 1s then guided to the
irradiation unit of the sensor unit 11 via the optical fiber 25A.
The same goes for other sensor units 12 and 13, 1.e., the
infrared laser light 1s demultiplexed by the demultiplexers 33
., Tollowed by demultiplexing by the demultiplexers 34B .
.., 34C . . ., into signal light and measurement light. The
signal light 1s multiplexed by the multiplexers 35B .. ., 35C
., and 1s guided to the differential photodetectors 408, 40C,
whereas the measurement light 1s multiplexed by the multi-
plexers 368, 36C, and 1s guided to the sensor units 12, 13.

[0087] Then, the infrared laser light for measurement
applied from the optical fiber 25A (25B, 25C) of each of the
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sensor unit 11 to 13 passes through the sensor hole 23 as the
irradiated light passage hole and 1s applied to the exhaust gas
passage hole 21 through which the exhaust gas passes. The
inirared laser light traverses the exhaust gas passage hole 21
of the exhaust path, reaches the mirror 28 via a light passage
hole to be reflected upward by the lower mirror 28, and then
reaches the mirror 29 via a light passage hole to be reflected
downward by the upper mirror 29. The thus repeated retlec-

tion increases the transmission distance in the exhaust gas,
and finally the light 1s received by the detector 26A (268,

26C) via the sensor hole 24. That1s, the infrared laser light for
measurement 1s attenuated by the passage through the
exhaust gas, and the thus attenuated transmitted light is
received by the detector as the photorecerving unit, so that the
light 1intensity of the transmitted light (measurement light) 1s
measured.

[0088] The infrared laser light for measurement that 1s
attenuated through the exhaust gas to reach the photoreceiv-
ing unit 1s output by the detector 26A (26B, 26C) as an
clectrical signal, and the output signal 1s supplied via the
signal line 27A (278, 27C) to the differential photodetector
40A (408, 40C). Meanwhile, the laser light for signal is
supplied via the optical fiber 37A (378, 37C) to the differen-
tial photodetector 40A (40B, 40C), and the ditfferential pho-
todetector finds a difference between the transmitted light
(measurement light) and the signal light for each of a plurality
of wavelength components, thus detecting an absorbing spec-
trum by which a peak wavelength specific to a certain gas
component among the transmitted light 1s detected. Thus, the
output from the differential photodetector 1s input to the per-
sonal computer 45 as a signal analyzer. The personal com-
puter 45 calculates and measures, based on the peak wave-
length for each of the plurality of frequency bands of the input
absorbing spectra, the concentration of components con-
tained 1n the exhaust gas, and the temperature and the pressure
of the exhaust gas for analysis.

[0089] In the exhaust gas analyzer 10 of the present
embodiment, when particulate matter PM 1s present in the
exhaust gas, Mie scattered light S will be generated by 1rra-
diating the particulate matter PM with the measurement light.
Referring now to the tlowchart of FIG. 7, a method for cal-
culating the concentration of the particulate matter PM 1n the
exhaust gas to be measured using the generated Mie scattered
light S 1ntensity will be described below.

[0090] As mentioned above, 1t 1s a known fact that when
particulate matter PM of the same particle diameter 1s 1rradi-
ated with laser light of different wavelengths, the intensity of
Mie scattered light generated for each wavelength draws a
certain pattern, 1.e., pattern data obtained by continuously
drawing the intensities of the Mie scattered light generated
from the particulate matter PM with respect to the wave-
lengths will vary depending on the particle diameter of the
particulate matter PM. FIG. 6 illustrates one example, where
pattern data A shows the case of a particle diameter of 100 nm,
pattern data B shows the case of a particle diameter of 1000

nm, and pattern data C shows the case of a particle diameter
of 500 nm.

[0091] In FIG. 7, S01 1s a laser irradiation step for concen-
tration measurement, 1n which the above-described laser light
of five wavelength bands 1s applied to the exhaust gas passage
hole 21 of the sensor unit 11 (12, 13). At S02, a measurement
value (actual measurement value) of the Mie scattered light
intensity from the particulate matter PM 1n the exhaust gas 1s
obtained for each wavelength, and more specifically, the Mie
scattered light for each wavelength generated at the sensor
unit 11 (12, 13) 1s detected by the photodetector 71A (71B,

71C) as a scattered light intensity, and the detected signal 1s
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converted into an electrical signal. The electrical signal 1s
input as actual measurement data to the personal computer 45
as a signal analyzer. The graph of FIG. 7a illustrates the
plotted measurement values of the Mie scattered light inten-
sities measured for five wavelength bands generated by the
laser diodes LLD1 to LDS3 so as to form a pattern, where the
horizontal axis represents a wavelength and the vertical axis
represents a scattered light intensity.

[0092] The personal computer 45 includes a data storage
unit 46 and a calculation umt 47, the data storage unit 46
storing theoretical value data about the Mie scattered light
intensity specified for each particle diameter. At S03, the
calculation unit 47 of the personal computer 45 conducts
comparison matching between the stored theoretical value
pattern data about the Mie scattered light intensities and the
actual measurement value pattern data obtained by the mea-
surement. F1G. 7b describes a method for the pattern match-
ing. Since the data storage unit 46 stores a large number of
kinds of pattern data based on theoretical values of the Mie
scattered light intensity distribution for each particle diameter
as shown in FIG. 6, and the calculation unit 47 conducts the
matching of the pattern data obtained by the measurement
with the theoretical value pattern data that 1s the most analo-
gous thereto. Then, at S04, the theoretical value pattern data
indicating the distribution that 1s the closest to the measure-
ment value pattern 1s selected.

[0093] As aresult of the pattern matching at S04, the par-
ticle diameter of dominant substance making up the particu-
late matter PM contained in the measured exhaust gas can be
estimated with accuracy.

[0094] Next, at S5, the maximum value B of the Mie scat-
tered light intensity in the thus selected theoretical value
pattern data 1s obtained (see FIG. 7¢). Then, at S06, the
calculation unit 47 calculates the particle concentration c(B)
as a theoretical value from the relationship between the Mie
scattered light intensity maximum value B as a theoretical
value and the particle concentration based on the Mie scat-
tering theory. FIG. 7d 1s a graph 1illustrating the correlation
between the Mie scattered light intensity maximum value B
and the particle concentration ¢(B), which shows substan-
tially linear correlation therebetween.

[0095] Finally, at S07, as shown 1n FIG. 7e, based on a
matching correction amount (A) between the particle concen-
tration c(B) as a theoretical value and the scattered light
measurement value obtained by the actual measurement, a
concentration C (for example, mg/m" or %) of the particulate
matter PM 1s calculated, which 1s determined based on a
calculation value. Alternatively, based on a coefficient {{A)
determined beforehand, the particle concentration ¢(B) as a
theoretical value 1s calculated for correction, and the actual
concentration C of the particulate matter PM 1s obtained from
the following equation (2):

Concentration C=particle concentration c(5)xf(A) (2).

[0096] When the distribution of the scattered light intensi-
ties for each particle 1s determined theoretically, the distribu-
tion of the actual measurement values in the broken line or the
solid line of FIG. 7b 1s compared with the “shape” of the
distribution of the theoretical values, and the matching is
conducted with the shape as the closest one. As for the maxi-
mum value B of the theoretical values with which the match-
ing 1s conducted, when the actual value for the wavelength
corresponding to the determined B (horizontal axis of FIGS.
7a to d) 1s X, then X/B 1s the matching correction value (A).
[0097] Inthis way, according to the exhaust gas analyzer of
the present embodiment, the concentration, the temperature
and the like ol a component contained 1n the exhaust gas can
be measured for analysis by irradiating the exhaust gas with
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laser light. At that time, the Mie scattered light S generated
from particulate matter PM contained 1n the exhaust gas by

the 1rradiation with the laser light 1s recerved, whereby the
concentration of the particulate matter PM can be calculated

concurrently with the analysis of the concentration or the like
of a component contained in the exhaust gas. Moreover, the
concentration of the particulate matter can be calculated 1n
real time with less computing power.

[0098] FIG. 8 1llustrates another exemplary sensor unit 11.
In this example, another third sensor hole 70a 1s formed 1n the
sensor base 20 so as to be inclined at an appropriate angle
(e.g., 20 degrees) with reference to the third sensor hole 70, at
which another photodetector 71a 1s mounted in a similar
manner. A signal received by the photodetector 71a 1s sent via
a signal line 72a to the personal computer 45, and the personal
computer 45 calculates and compares the signal with a signal
received from the photodetector 71, and the measurement
value pattern of FIG. 7a 1s calculated based on the average of
these values. In this way, the Mie scattered light intensities are
measured by two or more photodetectors 71, whereby the
concentration can be measured with higher accuracy.

1. An exhaust gas analyzer that analyzes exhaust gas emit-
ted from an 1internal combustion by irradiating the exhaust gas
with laser light, comprising:

an 1nlet through which the exhaust gas 1s introduced;

a light irradiation unit that applies the laser light 1n a direc-
tion perpendicular to a flow of the exhaust gas tflowing
through the inlet;

a transmitted light photoreceiving unit that receives the
laser light that has passed through the exhaust gas;

a scattered light photorecerving unit that receives Mie scat-
tered light generated from particulate matter contained
in the exhaust gas by wrradiating the particulate matter
with the laser light; and

a calculation unit that calculates a concentration of a com-
ponent 1n the exhaust gas based on photorecerving data
of a transmitted light 1intensity obtained from the trans-
mitted light photorecerving unit, and calculates a con-
centration of the particulate matter contained 1n the
exhaust gas based on actual measurement data of a scat-
tered light intensity obtained by the scattered light pho-
torecerving unit.

2. The exhaust gas analyzer according to claim 1,

wherein the calculation unit comprises a data storage unit
that stores theoretical value data about a Mie scattered
light intensity specified for each particle diameter, and

the calculation unit calculates the concentration of the par-
ticulate matter contained 1n the exhaust gas based on the
actual measurement data of a Mie scattered light inten-
sity obtained by the scattered light photoreceiving unit
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and the theoretical value data stored 1n the data storage
unit and 1s specified for each particle diameter.

3. The exhaust gas analyzer according to claim 2, compris-
ing a plurality of the scattered light photorecerving units,

wherein the calculation unit further comprises means that

calculates an average of actual measurement data of Mie
scattered light intensities obtained by the plurality of
scattered light photorecerving units.

4. A method for analyzing exhaust gas emitted from an
internal combustion by 1rradiating the exhaust gas with laser
light, the method comprising the steps of:

irradiating the exhaust gas with the laser light, recerving the

laser light that has passed through the exhaust gas, and
calculating a concentration of a component contained 1n

the exhaust gas based on the recerved laser light; and
recerving Mie scattered light generated from particulate
matter contained in the exhaust gas by irradiating the
particulate matter with the laser light, and calculating a
concentration of the particulate matter based on actual
measurement data of an intensity of the recerved Mie
scattered light.
5. The method for analyzing exhaust gas according to claim
4, wherein the concentration of the particulate matter 1s cal-
culated based on the actual measurement data of the Mie
scattered light intensity and theoretical value data about a Mie
scattered light intensity specified for each particle diameter,
6. The method for analyzing exhaust gas according to claim
S,
wherein the concentration of the particulate matter 1s cal-
culated using pattern data including actual measurement
data of Mie scattered light intensities from the particu-
late matter contained in the exhaust gas, the actual mea-
surement data being continuous with respect to wave-
lengths,
the method including the steps of:
comparing the pattern data on the actually measured Mie
scattered light intensities and theoretical value pattern
data about Mie scattered light intensity specified for
cach particle diameter so as to select theoretical value
pattern data analogous to the pattern data on the actually
measured Mie scattered light intensities,
acquiring a maximum value 1n the selected theoretical
value pattern data and calculating a theoretical value
concentration of the particulate matter as theoretical
value data based on the acquired value, and
correcting the calculated theoretical value concentration of
the particulate matter with a measurement value of the
Mie scattered light intensity that 1s actually measured to
calculate an actual particulate matter concentration.
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